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i 
ABSTRACT 
Factory layout planning (FLP) has been a long-standing area that largely influences the 
overall productivity of the manufacturing practice. Today’s manufacturing industry faces great 
challenges owing to an increasing awareness of environmental concerns and the trend-shift 
from mass production to mass customization. Companies are striving to continuously and 
effectively improve their existing production systems, adapt to demand and remain competitive 
in the global market. Such an adaption process usually involves a redesign of the production 
layout. Factory layout change are becoming more frequent and have much higher requirements 
for quality and efficiency.  
Traditional ways of planning the layout change based on expert knowledge and onsite 
workshops cannot promise optimal solutions and bring unwanted stoppages to production, and 
computer aided design (CAD) and simulation have become widely used to support the process. 
The simulation approach focuses mostly on the quantitative measures (such as travel distance, 
time, frequency and throughput). It has shown to be efficient for general layout planning, but 
less satisfactory for detailed layout planning when qualitative factors such as safety, ergonomics 
and operator preference are becoming more and more important.  
Virtual reality (VR) technologies have become ever mature in recent years and are known 
for their ability to provide users with experience closely akin to the physical world through 
computer-generated representation. The richness and flexibility of the computer-generated 
environment can be of overall benefit to the future layout planning process.  
This thesis set out to investigate how different stakeholders, such as operator, maintenance 
engineer, production engineer, actively can support the decision-making in factory layout 
planning that utilizes virtual reality technologies, and it aims to improve current FLP practice 
through a systematic procedure that enables the active involvement of different stakeholders 
during the layout redesign and evaluation process.  
Therefore, a literature review about previous virtual reality applications was conducted to 
understand the benefit and limitation and based on which, three empirical studies were followed 
iteratively to explore and evaluate different VR integration approaches. A general guidelines 
on how to integrate and use virtual reality technology for factory layout planning was developed 
and discussed.  
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I 
INTRODUCTION 
 
This chapter describes the background to the research within this thesis, and the structure of 
the thesis. 
1.1 FACTORY LAYOUT PLANNING  
Factory layout planning (FLP) has been a long-standing area that largely influences the 
overall productivity of the manufacturing practice. Dating back to the period prior to the 
Industrial Revolution, blacksmiths started arranging their workspace according to process 
requirements and the movement of their work. They allocated various resources within their 
production environment to best address the requirements and constraints which the 
encountered. FLP is considered one of the most important aspects in the success of a 
manufacturing company, as it may affect overall production in terms of throughput, volumes, 
quality, cost, employee satisfaction and so on. It has been reported that a well-designed 
manufacturing layout can reduce operational costs by 50 percent (Tompkins et al. 2003). With 
the growing complexity of products and production process, various research projects and 
practices have been devoted to coping with this increasingly challenging task. The result has 
been such schemes as project layout, functional layout, production line layout and systematic 
layout planning (Korves and Loftus 1999).  
Today’s manufacturing industry faces great challenges owing to an increasing awareness of 
environmental concerns (Greis 1995) and the trend-shift from mass production to mass 
customisation (El Maraghy 2006). Companies are striving to continuously and effectively 
improve their existing production systems, adapt to demand and remain competitive in this 
global market. Such an adaption process usually involves a redesign of the production layout. 
FLP tasks are becoming more frequent with much higher requirements for quality and 
efficiency. In this context, new technology, methods and tools are needed to support and smooth 
the adaptation process. 
1.2 EMERGING VIRTUAL REALITY (VR) TECHNOLOGY AND OPPORTUNITIES 
FOR FACTORY LAYOUT PLANNING 
In 1965, the initial idea of VR was proposed as “a system that can display information to all 
senses of the user with an equal or bigger resolution than the one that can be achieved in a 
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natural way so that the user cannot say that the artificial world is not real.” (Sutherland 1965). 
This idea has attracted a great deal of attention and enthusiasm ever since. However, due to the 
limitations of hardware and software in the 1960s, these changes could not be realised. Only in 
the last decade with more advanced information technology, cheaper, more powerful hardware 
and more effective algorithms, has VR matured enough to play its role in this interesting and 
challenging era. 
The representation and direct manipulative capabilities of virtual manufacturing technology 
seem particularly appropriate for visualising and assessing complicated physical production 
facility constraints, whilst also determining optimal process flows. When designing and 
analysing production systems, there should be concurrent consideration of the economic and 
operational aspects.  
VR technologies are known for their ability to provide users with an experience closely akin 
to the physical world through computer-generated representation (Smith and Heim 1999). The 
richness and flexibility of the computer-generated environment can be of overall benefit in FLP 
work. Virtual layout planning (VLP) has drawn much attention because of the richness and 
flexibility it brings to the computerised virtual environment. It is thought that the visualisation 
and interaction provided in the virtual model will help bring stakeholders closer to the decision-
making process and thus raise the bar for qualitative and quantitative perspectives (Yaman 
2001). There are reportedly three main advantages of VLP (Smith and Heim 1999) (Heragu 
2016): 
1. The ability to play “what if” and test alternative scenarios with relative ease. 
2. Moving various stakeholders affected by the layout design closer to the layout decision-
making process. 
3. Improving the decision making-process from quantitative and qualitative perspectives, 
bearing in mind the richness and flexibility that a virtual model can provide. 
1.3 PROBLEM STATEMENT 
Manufacturing companies need to constantly improve and upgrade their production to cope 
with new challenges in today’s global completion. The improvement process inevitably 
involves changes to the factory layout. However, any changes in the real factory environment 
will affect all stakeholders and the performance of the production system as a whole. Therefore, 
a systematic process of planning and evaluation before the layout change is of great importance 
to aid the understanding for these stakeholders within the production system.  
Traditional ways of planning the layout change based on expert knowledge and onsite 
workshops cannot promise optimal solutions and bring unwanted stoppages to production, 
which make them not sufficient to cope with the ever growing complexity in today’s factory 
environment (Lindberg 1992; Jong, Li, and Syu 2012). Computer aided design (CAD) and 
simulation have become widely used to support factory layout planning (FLP) process. The 
simulation approach focuses mostly on the quantitative measures (such as travel distance, time, 
frequency and throughput), by applying mathematical models and algorithms to select the 
optimal solution (Sly 1996; Grajo 1996). It has shown to be efficient for general layout 
planning, but less satisfactory for detailed layout planning when qualitative factors such as 
safety, ergonomics and operator preference are becoming more and more important. The CAD 
approach works with the general assumption that the virtual model developed in the computer 
can fully represent the actual factory environment. However, due to the complexity of the 
factory environment, it has to deal with the dilemma of modelling time and model quality. Thus, 
certain simplifications of the models are not uncommon which can lead to potential design 
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flaws. At the same time, both approaches require specific technology expertise, which hinders 
the involvement of various affected stakeholders to contribute in the new layout design process. 
Therefore, it is no surprise to find out that the cost of layout design errors and production 
disruptions often outweighed the intended improvement to the production systems(Aurich, et 
al. 2006).    
The limitations mentioned above make the existing approaches less desirable. As Smith and 
Heim (1999) pointed out that FLP is a multi-criteria problem, which must satisfy both 
quantitative and qualitative constraints, there is therefore a need to further explore and develop 
new ways of supporting the FLP in this transformation to industry 4.0 era. 
1.4 PURPOSE, AIM AND RESEARCH QUESTIONS 
The purpose of this thesis is to investigate how different stakeholders, such as operator, 
maintenance engineer, production engineer, actively can support the decision-making in factory 
layout planning (FLP) tasks utilizing VR technologies.   
This thesis aims to improve current FLP practice through a systematic procedure that enables 
the active involvement of different stakeholders during the layout redesign and evaluation 
process. The intended improvements include the development of realistic virtual factory models 
utilizing VR, which facilitates ease in involvement of all the affected stakeholders to contribute 
to the layout redesign process. 
To accomplish the aim, two questions are formulated in order to 1) understand the benefits 
and challenges for stakeholders to use VR technology in production systems through previous 
studies and 2) Conduct empirical studies in order to develop a systematic process to improve 
existing FLP practices by integrating VR technology. 
 
RQ1: How has virtual reality (VR) technology been used in production system development? 
A systematic review of previous publications is an important first step, if we are to 
understand state-of-the-art VR research and practice in the area of production. This requires: 1) 
a working definition of VR in this thesis, 2) a list of characteristics and features, which the latest 
VR hardware and software can provide and 3) a classification of VR’s area of application within 
production engineering. The overall trend and promising areas for VR technology in 
manufacturing should also be identified.  
   
RQ2: How can virtual reality (VR) technology be systematically used to support decision-
making during factory layout planning (FLP)? 
In response to rapidly changing demands, manufacturing companies need to conduct more 
frequent FLP tasks and thus adapt or improve existing production procedures. It is thought that 
the promised advantages of VR technology will benefit FLP activities. However, this requires 
the development of systematic methods of integrating VR into current FLP practice. Empirical 
case studies, which explore and evaluate different VR integration approaches, will be conducted 
and general guidelines on using VR in FLP tasks need to be developed.  
1.5 DELIMITATION 
The research in this thesis has been conducted with the emphasis on using VR technology in 
FLP processes, to improve the quality of decision-making. The delimitations of the research are 
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as follows: 
 
 This is a study of adopting existing VR technology, rather than developing it. 
This thesis studied ways to use state-of-the-art VR technology in FLP by identifying the 
benefits and challenges it brings and trialling different integration approaches. The 
development of VR technology is beyond the scope of this thesis.  
 
 The usability-related issues of the demo applications are beyond the scope of this research.  
 
In the three empirical studies, demo applications were developed to demonstrate the 
proposed approaches to adopting VR in FLP. However, usability issues, such as 3D user 
interface design, user interaction and so on were not taken into account. The demo 
applications were used to evaluate proposed work procedures, rather than the usability of 
the software application.  
 
1.6 THESIS STRUCTURE 
This thesis comprises seven chapters, with the content of each chapter summarised in Table 1. 
Table 1: Content summary of thesis chapters 
Chapter Content 
1. Introduction This chapter provides the background to the research by outlining 
the problem. Descriptions of the purpose, aim and research 
questions follow.  
 
2. Frame of 
reference 
This chapter describes the theoretical foundations of this research, 
including the introduction of virtual reality technology and the 
factory layout planning methods. 
 
3. Research 
approach 
This chapter describes the procedures used throughout the research 
and the rationale for the chosen methodology, including 
philosophical worldview, multiphase mixed methods design and 
research methods. 
 
4. Summary of 
appended papers 
This chapter summarises each of the appended papers, with case 
descriptions and implementations. It also explains the contribution 
of each paper to the research questions. 
 
5. Results This chapter synthesises the answers to the two research questions. 
 
6. Discussion This chapter discusses the research questions in a broader context, 
in terms of results and methodology. There is also a presentation of 
the scientific and industrial contributions of this thesis and proposed 
future research. 
 
7. Conclusion This chapter concludes the thesis by describing the answers to the 
two research questions. 
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2 
FRAME OF REFERENCE 
This chapter describes the studies in relation to the research focus area.  
2.1 FACTORY LAYOUT PLANNING 
FLP is not a new problem in manufacturing engineering; due to its multi-criteria nature, it is 
a complex decision-making process. Every change made to the production system will affect 
various stakeholders throughout the whole manufacturing process. 
2.1.1 Conventional factory layout planning methods 
 Muther (1974) was one of the first to apply a systematic methodology to the planning 
process and his systematic layout planning (SLP) approach is still a valid procedure. Muther 
considers the planning process as a loop, which must be executed twice; once for the overall 
layout and a second time to detail the layout plans. Ishikawa (1985) and Deming (1986) 
suggested workshops conducted by relevant workers as a systematic way to achieve 
improvement in manufacturing systems. Each workshop lasts one to five days while production 
is temporarily stopped. The workshops are conducted by workers in the manufacturing area, 
which needs improvement, plus engineers from other functions. The joint participation of all 
stakeholders involved ensures proper outcomes from the workshops. Such outcomes might 
include the reduction of setup times or improved layouts (Imai 1986). Aurich et al. ( 2006) 
further developed this workshop approach and proposed the workshop-based Continuous 
Improvement Process (CIP). The workshops should be held at set intervals to ensure continuous 
improvement.  
Despite the long-term benefits of manufacturing process change, it can also bring serious 
short-term disruptions. The costs may outweigh the potential benefits if the process change is 
not designed and implemented properly. Short-term disruptions such as reduced productivity, 
excessive equipment downtime and problems scheduling materials, quality and maintenance 
are common by-products of process change (Lindberg 1992). Hayes and Clark (1985) pointed 
out that the short-term loss in productivity from implementing new manufacturing equipment 
is often more costly than the actual equipment purchase. Goodman and Griffith (1991) state 
that managers tend to select and plan process change from the narrow viewpoint of the long-
term benefits being sought. Carrillo and Gaimon (2000) subsequently identified four common 
challenges in manufacturing process change: 1) disruptions during process change typically 
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reduce short-term capacity, but may increase effective capacity in the long run; 2) shrinking 
product lifecycles complicate the implementation of process change; 3) while knowledge may 
enhance the ultimate benefits derived from process change, the correct timing and means of 
knowledge creation are difficult to discern; 4) a series of trade-offs must be evaluated when 
choosing a particular process change to implement. A coherence procedure which can facilitate 
the active participation and contribution of all stakeholders is therefore essential (Saha et al. 
2000). 
 Of the previous attempts to resolve FLP problems, two major directions are the algorithmic 
and procedural approaches. Algorithmic approaches use mathematical modelling techniques to 
formulate the FLP as optimisation problems. They use heuristic algorithms to simplify design 
constrains and objectives and thus reach feasible solutions (Jiang et al. 2014). Quantitative 
measures such as flow distance of material and operators are the sole focus of this method. 
Procedural approaches, on the other hand, can bring both quantitative and qualitative measures 
into the design process (Yang and Kuo 2003). It aims to divide the design process into several 
steps which are solved sequentially (Mahdavi et al. 2008). However, its implementation is 
heavily dependent on generating quality design alternatives, which are largely based on experts’ 
experience (Shahin 2011). The advantages and limitations of these conventional FLP methods 
are listed and summarised in Table 2. 
Table 2. Advantages and limitations of conventional FLP methods. 
Advantages (Welgama and Gibson 1995) Limitations (Yaman 2001) 
material handling costs can be minimised solutions are locally optimised 
overall production time can be optimised quality relates directly to local facilities 
effective facilitation of the manufacturing 
process 
competitiveness between disciplines is 
limited and sometimes not possible 
flexibility of rearrangement and operation specific area of concentration is limited 
minimising investment in equipment there are performance limitations 
effective utilisation of space flexibility of production is limited 
provision of a safe workplace designed for 
convenience 
costs of prototype and agile manufacturing 
are high 
 
 
2.1.2 Factory layout planning with virtual reality 
Zetu et al. (1998) proposed an approach for automatically extracting three-dimensional 
models of physical objects. These would be used for VR tools (in detailed layout decision-
making support). Korves and Loftus (1999) developed a framework for integrating VR into 
factory layout planning (FLP) and further exemplified it with an industrial case study 
comparing the use of immersive VR with a monitor-based system for detecting layout design 
flaws (Korves and Loftus 2000). The study showed that immersive VR can provide better 
support for early detection of serious layout design flaws such as tool arrangement, visibility, 
and tool location. Smith and Heim (1999) pointed out that FLP may benefit most from VR 
systems when the footprint or rectangular area required by the work cell or machinery offers 
insufficient information for the decision-maker. The interactive three-dimensional display 
provided by VR systems are better able to convey the information needed by factory layout 
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designers. Duffy et al. (2003) designed an internet-based VR system to test the influence of 
modifications in the virtual environment (lighting, sound and so on) on hazard perception 
during the FLP process. In a similar study, Ng et al. (2012) demonstrated the potential of 
applying VR to improve FLP in terms of the hazard and risk perception, safe waiting time and 
maximum reach of robot arms. The study also discusses preliminary guidelines for using VR 
in FLP. Okulicz (2004) developed a VR-based manufacturing and layout planning system, 
focusing on evaluating the ergonomics and accumulated loads for operators. Aurich et al. 
(2009) further developed their continuous improvement process (CIP) workshop for FLP by 
integrating VR technology and proposing a VR-based CIP workshop. They demonstrated that 
the CIP workshops within a virtual manufacturing environment can successfully transfer their 
results back to the physical environment. Choi et al. (2010) introduced a rule-based system, 
which creates a virtual prototype using product, process, plant and resource data for virtual 
plant review. They proposed a new virtual plant review procedure. In the same year, an 
approach to immersive multi-projection visualisation of manufacturing processes was reported 
(Filho et al. 2010). This allows scenarios with dynamic components, plus collaborative VR 
visualisation between geographically distributed users. This approach uses multi-CAVE 
devices and has been proved efficient in regard to complex scenarios, scalability, collaboration 
and low implementation costs. Galambos et al. (2012) later introduced a similar approach, using 
the Virtual Collaboration Arena platform (VirCA) for distance collaboration. This allows users 
to work in a joint virtual space during FLP. Lee et al. (2011) studied several methods of 
integrating real objects (such as real images) with virtual ones and derived a general framework 
for developing virtual FLP systems. Menck et al. (2013) highlighted the FLP process phases, 
which need VR support and emphasised that VR should be used for collaboration and 
communication purposes, not just visualisation. Kunz et al. (2016) presented a new VR-based 
tool for factory planning and evaluation, which allows designers, planning experts and 
workforces to walk naturally and freely within a virtual factory. Phoon et al. (2017) proposed 
an interactive solution approach using VR technology for loop layout planning. This reduces 
the gap between numerical results and the real situation through an enhanced human-machine 
interface. 
Despite all the benefits promised by VR in the above studies, the process of virtualising the 
manufacturing environment still needs expert knowledge and time to build the virtual model. 
These factors prevent its wider implementation in industry. The main challenge, identified from 
previous virtual layout planning approaches, is the time-consuming process of virtual modelling. 
This is especially true when redesigning existing factories, where the detailed environment is 
usually too complex to model accurately in CAD software.  
 
2.2 VIRTUAL REALITY TECHNOLOGIES. 
Virtual reality (VR) is a popular information technology (IT) area. VR provides an indirect 
experience by creating a virtual space, which interacts with human sensory systems and 
overcomes the spatial and physical constraints of the real world (ETRI, 2001). The concept of 
VR has evolved gradually since the 1960s to its current state, with numerous applications across 
many business fields, including manufacturing.  
Morton Heilig developed a motorcycle ride simulator called Sensorama in 1962 (Heilig 
1962). It used light, sound, motion and smell to display stereoscopic 3D images and immerse 
the participant in a motorcycle ride through Brooklyn and other locations. This simulator system 
would later evolve into the flight simulators commonly used in US military training. Today, it 
is often considered the parent of modern-day VR (Lu, Shpitalni, and Gadh 1999). Several 
significant studies subsequently contributed to the development of current VR technologies. 
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Ivan Sutherland published “The Ultimate Display”, which described “a system that can display 
information to all senses of the user with an equal or bigger resolution than the one that can be 
achieved in a natural way so that the user cannot say that the artificial world is not real.” 
(Sutherland 1965). Three years later, he successfully implemented the first VR system with an 
head-mounted display (HMD) which gave the user a stereoscopic 3D view, slaved to a sensing 
device to track the user’s head movement (Sutherland 1968). Although this early research 
provided the foundation of current VR technology, it did not result in practical applications at 
the time. The limited computing power and high cost of hardware prevented any significant 
further research or real-world utilisation. 
Towards the beginning of the 1990s, the ever-advancing computer technologies and lower 
cost have made VR feasible for practical uses. This attracted widespread attention in research 
and practice. Figure 1 illustrates the annual number of publications with the keyword “virtual 
reality” in the Google Scholar database. VR-related research has evidently surged since the 
1990s and is still growing. In 1993 alone, there were almost as many publications (2,610) as 
there were in the entire period prior to 1990 (2,630). With the increasing popularity of VR came 
the various definitions, characteristics and classifications of it. For the rest of the thesis to 
proceed on common ground, those terms should be clarified (see following section).   
 
Figure 1. Number of publications with keyword “virtual reality” over the years from Google Scholar1. 
2.2.1 Virtual reality definitions 
As defined by the Oxford Dictionary, VR is the computer-generated simulation of a three-
dimensional image or environment that can be interacted with in a seemingly real or physical 
way by a person using special electronic equipment, such as a helmet with a screen inside or 
gloves fitted with sensors (“ Virtual Reality” 2017). Based on previous studies, a selection of 
definitions is listed below:  
“A system which provides real-time viewer-centered head tracking perspective with a large 
                                                 
 
 
1 https://scholar.google.se/ 
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angle of view, interactive control, and binocular display.”(Cruz-Neira et al. 1993) 
“VR is a three-dimensional, computer generated, simulated environment that is rendered in 
real time according to the behavior of the user.”(Loeffler and Anderson 1994) 
“The use of real-time digital computers and other special hardware and software to generate 
a simulation of an alternate world or environment, which is believable as real or true by the 
users.” (Lu et al. 1999) 
The above definitions of VR are essentially identical, even though the descriptions vary. 
However, several key components of VR can be identified: computer-generated 3D 
environment, multi-sensory, real-time interactive and viewer-centred. It is these features, which 
ensure the system, can simulate close to real-world experience in the virtual environment. 
Therefore, in this thesis, VR is defined as a computer-generated 3D environment, which 
provides real-time visualisation and interaction based on users’ movements. In other words, VR 
is a system that simulates an environment in which the human brain and sensory functions are 
so tightly linked with the computer-mediated environment that the user can explore it 
seamlessly, as if she/he were in the real world.  
2.2.2 Immersion and presence in virtual reality 
Immersion and presence are often recognised as the two key characteristics used to 
differentiate VR systems. Immersion refers to the VR user’s sensation that the virtual 
environment is real. In other words, if a user cannot tell which reality is “real” and which is 
“virtual”, then the computer generated environment is totally immersive (Thalmann and 
Thalmann 1999). A higher degree of immersion is considered desirable for VR applications, so 
that a seamless experience can be created and evaluated. The degree of immersion is mainly 
affected by feedback lag time and field of view (FOV), but can be enhanced by spatial audio, 
tactile feedback and force feedback (Lu, Shpitalni, and Gadh 1999). While immersion can be 
an objective measure, presence is often a subjective sensation of the user being part of the virtual 
environment (Liebert 2001); a VR user’s self-representation and association within the virtual 
environment. Virtual representation of the user (such as hands or body) and real-time responses 
to user movements are important factors in creating the degree of presence. Clearly, both 
immersion and presence are important in VR applications.  
2.2.3 Virtual reality classifications 
VR can be classified in many different ways. According to the ETRI report, VR technologies 
are classified into four categories: 1) expression technology, 2) interaction technology, 3) 
authoring technology and 4) collaboration technology (ETRI, 2001). 
 Expression technology. This category of VR technology includes technology related to 
human sensory systems, including visual, auditory, haptic, olfactory, and taste.  
 Interaction technology. This refers to technology used to interface humans and 
computers by using motion, symbols and bio-signals. 
 Authoring technology. This refers to technology, which generates VR content and its 
supporting database. 
 Collaboration technology. This refers to networking of multiple participants (in the form 
of avatars) in a VR environment. 
Ong and Nee categorised VR systems as hardware-based or computer-based. A hardware-
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based VR system depends on special VR hardware such as a head-mounted display (HMD), 
VR glove, etc. A PC-based VR system uses software on personal computers (PCs) and uses 
standard PC peripherals as input and output tools (Ong and Nee 2004).  
The preferred classification of this thesis is based on the levels of immersion, while the levels 
of presence can vary within each category depending on individual implementations. Thus, VR 
systems can be classified as: 
 Non-immersive (Desktop system). 
 Semi-immersive (Wide-screen projection system). 
 Immersive: 
o Cave automatic virtual environment (CAVE) system. 
o Immersive VR system using HMDs. 
Desktop VR most closely resembles the typical human–computer interaction (HCI). It uses 
the monitor as its viewing device and a mouse, keyboard or haptic devices such as data gloves 
for interaction. With a suitable VR software package and a computer capable of displaying the 
virtual model in real time, this arrangement provides the lowest sense of immersion and often 
serves as an entry-level VR system.  
Widescreen projection (also known as a semi-immersive VR system) is used to increase the 
FOV (of 20–30° with a monitor) to over 100° or indeed the entire viewing area, if multiple 
projection screens are used. The increased FOV provides users with a higher degree of 
immersion. 
A setup with multiple projections (usually three walls and a floor) is called a CAVE and is 
by far the most expensive VR platform. Shutter glasses, which provide stereo vision, complete 
this very effective, immersive VR system. A 3D mouse or trackable input devices are usually 
also used to enhance the sense of immersion and presence.  
VR using an HMD offers a much more affordable immersive system. Two displays are 
mounted in a helmet, providing the user with a stereoscopic image of the model. The HMD is 
position-tracked in real time and the images updated according to the user’s position and 
orientation. A keyboard and mouse cannot be used because they are invisible to the user. A 6 
degrees of freedom (6DoF) interactive device is used instead. Immersive VR with a position-
tracked HMD and input devices has the following advantages: 
1. Using motion parallax and a stereo view, it provides a sense of scale capable of fully 
immersing users in the virtual environment. 
2. Ease of interaction with complex components, using three-dimensional input devices. 
3. Improved understanding is gained through direct interaction, potentially heightening the 
sense of presence. 
 
2.3 POINT CLOUD REPRESENTATION OF ENVIRONMENT 
3D laser scanning, often also termed Light Detection and Ranging (LIDAR), is an active, 
non-contact, range measuring technology (Beraldin et al. 2007). The media is a laser beam, 
which is either overlaid with a modulated wave pattern for phase based distance measurements 
or pulsed intermittingly for time of flight based distance measurement. To capture spatial 
information the 3D laser scanner is positioned inside the area of interest and will emit the laser 
while capturing the returned reflection to measure the distance to the reflecting surface. The 
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device articulates the laser beam 360 degrees around the area using a rotating mirror which is 
spun methodically to face all directions around the device with a given increment, as illustrated 
in Figure 2. Each measurement taken, typically tens of millions per scanner position, is stored 
as a coordinate in space referenced to the center of the LIDAR. Many modern LIDAR devices 
also incorporate an RGB sensor to enable capture of the color of the measured coordinates. 
 
Figure 2. The mechanism of a 3D laser scanner. 
In areas that are densely populated with machines and equipment, such as a production 
system, the line of sight of the LIDAR will be limited and the data capture needs to be repeated 
on several positions throughout the area in order to capture all the objects and surfaces. This 
results in multiple data sets, which needs to be registered together into a common and coherent 
coordinate system. The resulting combined data set is popularly called a point cloud, owning to 
the nature of the data; millions of measurements organised in space. When rendered on a 
computer screen the point cloud represents a photorealistic 3D environment in scale 1:1 with 
the captured area (Lindskog 2014). 
This technology has many applications now, but the earliest to break through were 
construction surveying and archaeology. The main benefits are the ability to rapidly digitalize 
spatial data, a) for documentation or b) for sharing remotely with others. Documentation can be 
used to verify adherence to building plans or to track changes over time due to load application 
or changes in external conditions. A good example of an archaeology application is the 
Smithsonian X 3D, a web platform which anyone can visit and interactively explore artefacts 
from the Smithsonian Institution collection in 3D (Metallo and Rossi 2011).  
There are currently more and more application examples in the industrial production area. 
Some applications are machine vision, virtual commissioning, visualisation, 
validation/verification of installation, or use in production flow simulation (Bi and Wang 2010; 
Berglund et al. 2014; Lindskog 2014; Shellshear et al. 2015). 
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3 
RESEARCH APPROACH 
This chapter describes how the research is structured by explaining the philosophical 
assumptions, giving the rationale behind mixed methods research and summarising the 
research design and methods used. 
A research approach is a plan or proposal to conduct research and is based on three 
interconnected components: philosophy, research design and research methods. This is shown 
in Figure 3 (Creswell, 2013). When planning research, it is important to think through the 
philosophical worldview behind the study, the research design relevant to this worldview, and 
the specific methods, which translate the approach into practice. The following sections of this 
chapter will therefore explain these three components, as used in this thesis. 
 
Figure 3. The interconnection of worldview, design and research methods (Creswell, 2013). 
3.1 PHILOSOPHICAL WORLDVIEW 
The philosophical element embodies the researcher’s worldview, understood as “a basic set 
of beliefs that guide action” (Guba, 1990). It provides a general philosophical orientation for 
research work. According to Creswell and Clark (2011), there are essentially four possible 
worldviews which can inform research: postpositivist, constructivist, participatory and 
pragmatist. They differ as to the nature of reality (ontology), how we gain knowledge of what 
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we know (epistemology), the role values play in research (axiology), the process of research 
(methodology) and the language of research (rhetoric) (Creswell, 2009c; Lincoln & Guba, 
2000). Different research problems call for different worldviews.  
This research deals with problems in production systems. Production systems are known for 
their complex environments, in which various entities (such as humans, machines, materials 
and systems) are interconnected and interact with each other. The main focus of this research 
is also on using VR technology in production systems; an exploratory process. Considering the 
nature of the research problem and the different characteristics of worldviews, pragmatism has 
therefore been chosen. 
Pragmatism is a set of ideas articulated by many scholars, including Cherryholmes (1992) 
and Murphy (1990). It draws on many ideas, including using “what works”, using diverse 
approaches and valuing both objective and subjective knowledge. A pragmatic approach may 
combine deductive and inductive thinking, as the researcher may mix qualitative and 
quantitative data. Pragmatism focuses on the consequences of research, on the primary 
importance of the question asked rather than the methods and on the use of multiple methods 
of data collection to inform the problems being examined in the study. Thus, pragmatism is 
pluralistic and oriented towards practice and “what works” (Creswell and Clark 2011). On the 
broadest level, it was this worldview, which informed the author’s choice of research design 
and methods.   
3.2 A MULTIPHASE MIXED METHODS RESEARCH DESIGN 
A research design “represents the structure that guides the execution of a research method 
and the analysis of subsequent data” (Bryman and Bell, 2011). In general, quantitative research 
design involves the collection and analysis of numbers and broadly aims to achieve breadth, 
whilst qualitative research design emphasises the collection and analysis of words and broadly 
aims to achieve depth (Johnson et al., 2017). These represent different ends on a continuum 
(Newman & Benz, 1998). In the middle of this continuum lies the mixed methods design. This 
uses a combination of quantitative and qualitative methods to gain a deeper understanding of a 
phenomenon (Östlund et al., 2011; Zohrabi, 2013). 
The main research problem in this thesis is to explore whether VR technology can benefit 
the FLP process and, if so, how to use VR technology effectively and systematically for FLP. 
This line of enquiry requires an iterative process of theory building and testing, with 
incremental research questions addressed by connecting quantitative and qualitative methods. 
The multiphase mixed methods design has therefore been chosen for this thesis. Accordingly, 
Figure 4 illustrates the mixed methods research design in relation to the appended papers and 
the contribution to RQs. 
 
Figure 4. The multiphase mixed methods research design. 
The work started with a literature study of peer-reviewed journal articles, which have 
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implemented VR technology in production systems between 1993 and 2017. A quantitative 
analysis of the literature was used to answer RQ 1. Based on the results of RQ 1, FLP is 
identified as one of the promising application areas, which may benefit more from adopting VR 
technology. This led to the investigations relating to RQ 2.  
Thereafter, three empirical studies were carried out in sequence, each contributing to the 
answer to RQ 2. Each empirical study is one execution of the systematic empirical research 
approach inspired by Flynn et al. (1990), as shown in Figure 5. The incremental results were 
used to refine the next iteration and ultimately provide the guidelines to answer RQ 2. 
 
Figure 5. Iterations of systematic approach of empirical research, inspired by Flynn et al. (1990). 
In Study 1 (based on the knowledge and theory obtained from the literature study), the idea 
of incorporating point cloud data into modelling a desktop VR environment for FLP was 
implemented using a demo application. Thereafter the stakeholders tested the demo application. 
Qualitative feedback was then collected using semi-structured interviews. The results were 
analysed and published in appended Paper A; they also support the iteration of the second 
empirical study.  
In study 2, the knowledge and theory are refined and further developed based on the results 
of Study 1. A second demo application was developed and evaluated. Quantitative and 
qualitative measures were taken into account, using a scale rating and open-ended 
questionnaires. This study is reported in the appended Paper B.  
Supplemented by Study 3 (which further explored immersive VR for FLP using mixed 
methods), general guidelines for the effective and systematic use of VR technology in FLP were 
extracted and evaluated. Appended Paper C gives full details of this work.    
3.3 RESEARCH METHODS 
Research methods are all those methods or techniques that are used for conduction of research 
(Kothari 2004). The mixed methods research approach chosen in this thesis, consists of 
combining data collection methods and selecting the most appropriate in each case. The 
pragmatic worldview enables the combining and converging data from the different data 
collection methods to strength the results. A variety of data collection and data analysis methods 
are presented in the following sections with description of how these methods were applied in 
this research. 
3.3.1 Data collection methods 
Literature review:  
There have been two literature studies conducted in this research process, which focused on 
VR applications in production systems and different FLP approaches respectively. Initially, a 
five-stage systematic literature review (Rutter and Francis, 2010) which includes define, search, 
select, analyze and present was conducted for VR technology usage in production. There are in 
total 269 peer-reviewed journal articles from the year 1993 to 2017 have been identified and 
included. The articles were analyzed and categorized in terms of the types of VR technologies 
and the types of applications area in production, as well as the year of publication. The second 
literature study has identified major approaches of planning factory layout change and their 
advantages and limitations. As Creswell and Clark (2011) pointed out that literature review can 
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accomplish several purposes. The results have allowed the author to identify initial research 
gaps and barriers, which narrowed down the research scope to the two feasible research 
questions. In addition, the literature reviews have been used as benchmarks for comparing the 
results with the findings of other researchers. 
 
Interviews and questionnaire: 
Interviews can be designed in various forms, depending on the purpose. It can be divided into 
three distinct types: structured, semi-structured and unstructured (Bryman and Bell, 2015). 
Structured interviews follow a fixed sequence and use the same questions in each interview 
session (Williamson, 2002b). Semi-structured interviews have a predefined list of questions, 
but allow for the interviewer to ask follow-up questions (Dicicco-Bloom and Crabtree, 2006; 
Williamson, 2002b). Unstructured interviews do not follow any predefined structure or 
questions (Dicicco-Bloom and Crabtree, 2006; Williamson, 2002b). The questions are 
generated from the previous answer. Questionnaires are good for collecting information from 
multiple respondents without the researcher being present, but there is a risk of low response 
rates (Kothari, 2004). Questionnaires often use close-ended questions to allow quantification 
and ensure questions are intelligible (Bryman & Bell, 2011). 
In this thesis, semi-structured interviews and close-ended scale rating questionnaires have 
been used in each empirical study iteration. After the participant have been tested the demo 
applications, a semi-structured interview and scale rating were followed to get feedback and 
triangulate the results. The demo application worked as a stimulus which helped focus on the 
specific product or idea of interests for the research (Dagman et al., 2010). This approach made 
the respondent feel more comfortable due to its conversational nature. The research proved to 
obtain richer information because of this format. 
 
Observations: 
Participant observation is a data collection method for qualitative research. It is used when 
the researcher is aiming to collect objective data on events or situations (Kawulich, 2005; Mack 
et al., 2005). This method allows the researcher to gain insight into context, relationships and 
behaviors (Mack et al., 2005). It allows a researcher to add dimensions to, and increase 
understanding of, the context or phenomenon being studied. More specifically, observations 
can be invaluable aids in understanding the actual use of technology (Yin, 2014).  
The studies in this thesis involved observations of how the participants have engaged with 
the demo applications while testing. This method was chosen to compliment the understanding 
gained during interviews. It also allowed the researcher to compare with participants’ feedback 
and validate the results.  
3.3.2 Data analysis methods. 
Statistical analysis: 
There exist many statistical analysis methods which can be carried out for quantitative 
studies, such as statistical significance testing or inferential statistical tests and such things as 
the confidence interval and effect size can be reported (Creswell, 2013). There are also less 
advanced statistics such as descriptive statistics; means and ranges (Creswell, 2013).  
In this thesis, descriptive statistical methods were selected to gain insight into the VR 
technology used in production. At the same time, the statistical significance testing and 
inferential tests were also conducted for the collected scale rating results to compare with 
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qualitative data and further enhance the validity of this research. 
 
Content analysis: 
It concerns analyzing the content of written or oral material, often transcribed from interview 
and it is considered as the major qualitative method of studying the general message (Kothari, 
2004). The methods used for collecting qualitative data usually result in extensive amounts of 
raw data to analyze (Bryman and Bell, 2011; Pope et al., 2000). Qualitative data analysis is 
about making sense of the raw data. This means taking it apart as well as putting it together 
again (Creswell, 2014). The collected data should be analyzed to draw valid inferences that can 
be used in further research (Blessing and Chakrabarti, 2009).  
To analyze the qualitative data collected in this research, semi-structured interview was 
transcribed together with notes from observations. The data was analyzed to generate re-
occurring themes and categories. The converging of the qualitative and the quantitative results 
contribute to the validity and the conclusion of this thesis.  
3.3.3 Summary of research methods 
The summary of all the studies conducted in this thesis and research methods used as well 
as the contribution to the RQs are presented in Table 3 below.  
Table 3. Summary of research methods used within each study and the desired knowledge. 
Study RQ1 RQ2 Desired knowledge Data collection methods 
Literature study 1 X x VR technology used in 
production system. 
Literature review 
Literature study 2  X Different approaches of 
planning factory layout 
change. 
Literature review 
Empirical study 1 x X How to speed up virtual 
factory modelling process 
while keep virtual model 
realistic. 
Semi-structured interview 
Empirical study 2 x X How to better present virtual 
model to engage more 
stakeholders contribute in 
the layout design process. 
Questionnaire 
Semi-structured interview 
Direct observation 
Empirical study 3 x X Development of the 
systematic process to guide 
future practice. 
Questionnaire 
Semi-structured interview 
Direct observation 
X strong contribution; x low contribution 
 
3.4 RESEARCH QUALITY 
Validity and reliability are the two key criteria, which ensure the quality of scientific research 
(Yin, 1994; Bryman and Bell, 2011).  
Validity is the concept of result validation and it is the quality of the relationship between 
the reality and the research outcome (Maxwell, 2012). It answers the question “Did the research 
do the right things?” It is commonly categorized as the construct, internal, external and 
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contextual validity (Yin, 1994; Ihantola and Kihn, 2010). To ensure validity in this research, 
multiple cases of different companies were used in the empirical studies, which increased the 
external validity. At the same time, both qualitative and quantitative data were collected to 
validate the result, so the internal validity is ensured.    
Reliability is the concept of research verification and is often measured as the capability to 
repeat the methods used and achieve the same result in a repeat study (Flynn et al., 1900). It 
answers the question “Did the research do things right?” Qualitative studies have practical 
issues when it concerns the repeatability. There is debate on whether reliability is a suitable 
quality assessment criterion for qualitative data collection methods (Bryman and Bell, 2011). 
The importance of documenting the detailed procedures of the studies to ensure reliability is 
highlighted by Yin (1994). Creswell (2013) proposes strategies such as checking transcripts, 
crosschecking the codes, to ensure reliability within mixed method research. The detailed and 
structured documentation of the procedures of each study and the collected data in this research 
ensure the reliability (Williamson, 2002, Yin, 2009). 
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4 
SUMMARY of APPENDED 
PAPERS 
This chapter summarize the three appended papers with brief background and implementation 
along with orientations on how these papers contribute to the research questions.  
4.1 PAPER A 
Title: Improving manufacturing process change by 3D visualization support: A pilot study on 
truck production 
 
This paper aims at exploring the potential of a desktop VR tool in supporting the FLP decision-
making process. The VR tool is developed with point cloud data of the existing factory 
environment and CAD models of the equipment that are planning to be installed. Alternative 
layout solutions were presented through the desktop VR tool to and analyzed by stakeholders 
from different function groups.  
4.1.1 Results of the paper  
3D laser scanning was used to capture spatial data of the factory environment. The captured 
point cloud data was processed and formatted for later integration in creating the desktop VR 
tool. 3D CAD models were gathered and imported to the VR tool. A graphic interface is 
developed to create alternative layouts for further evaluation, as shown in Figure 6. 
 
Figure 6. The graphic interface to create alternative layouts. 
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Semi-structured one-to-one interviews were conducted with five stakeholders from different 
functional groups in the company. Each interview was carried out at the stakeholder’s office 
and lasted around 45 minutes. The interview consists of three parts. It begins with questions 
regarding the interviewee’s role and responsibilities in the current manufacturing process 
change as well as their comments and reflections about the current practice. A demonstration 
of the collaborative tool and work process is followed, which presents the 3D visualization of 
the three layout designs for assessment, shown in Figure 7. At last, it is the discussion 
concerning how the desktop VR tool and work process could help improve the current work 
practice and what are the limitations. 
 
 
Figure 7. First person view of alternative layout A. 
4.1.2 Contribution to research questions 
Paper A contributes to both RQs raised in Chapter 1.4. The desktop VR approach to support 
FLP decision-making is one addition to the state-of-the-art VR applications in production area 
as to RQ1. The idea of incorporating point cloud data of existing environment into the 
modelling of virtual factory and presenting the virtual factory through desktop VR systems to 
evaluate alternative layout options, is the first step towards answering RQ2 on how VR can 
support FLP tasks. Paper A demonstrated the need and benefits of having realistic 3D 
contextual data in the process of decision-making on alternative layouts, it also pointed out 
direction for later studies to answer RQ2.   
4.2 PAPER B 
Title: A novel VR tool for collaborative planning of manufacturing process change using point 
cloud data 
 
This paper is one step further from desktop VR to immersive VR support in the FLP decision-
making process. It proposed a working procedure for the development of virtual factory 
consisted with point cloud data and 3D CAD models. The virtual factory then can be used to 
test out alternative layouts by all the stakeholders. The immersive HMD and trackable 
controllers are used to provide near-to-life visualization and interaction. The proposed approach 
was implemented and tested by the stakeholders. Feedback were gathered through questionnaire 
and interview and later analyzed.   
4.2.1 Results of the paper 
A truck manufacturing plant in United States was selected to demonstrate the immersive VR 
for the planning of manufacturing process change. The proposed working procedure (shown in 
Figure 8.) starts with the data preparation for the virtual factory. 3D laser scanner captures the 
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point cloud data set of the real factory, which provide the most important 3D contextual data of 
the virtual model. Another data source is the CAD models of any machines that are intended to 
be implemented during the layout change. The data can be further enhanced with the connection 
to the existing ICT systems, so that the virtual model not only shows the realistic factory 
environment, but also has the possibility to augment additional machine specific information in 
the virtual model for the better support of the decision-making in new layout design. 
 
 
Figure 8. Conceptual model of the collaborative VR tool 
Depending on the specific requirement of each layout planning scenario, the above data can be 
prepared and feed into the Unity development tool for synchronization, so that the virtual tool 
is ready for later layout creation and evaluation. After the virtual factory is prepared and 
deployed to the server, all the stakeholders can access the virtual factory anywhere in the world 
provided that an immersive VR HMD is available. In the virtual factory, each stakeholder is 
provided with the information they need to create new layouts or assess and leave comment to 
existing layouts based on their own expertise, as shown in Figure 9. Thus, different layout 
proposals and feedback are gathered in the system for the synchronization which will either 
reach the idea solution for implementation or repeat the same process until the idea solution is 
reached. 
 
Figure 9. One stakeholder evaluating layout via immersive VR. 
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4.2.2 Contribution to research questions 
Paper B adds one more exploratory study to the applications of VR in production systems as 
for RQ1. It contributes to RQ2 in two parts: a second type of VR system is tested and a working 
procedure is proposed for employing VR in FLP. This paper is a continuation of point cloud 
based VR approach for FLP decision-support. It moved one step further from desktop VR to 
immersive VR in visualizing and interacting with the virtual factory. The immersive VR which 
brings near-life experience to the stakeholders, has demonstrated its advantages of facilitating 
better contextual awareness when evaluating different layout options. An iterative working 
procedure was proposed, which is the first step towards the systematic employment of VR to 
support FLP decision-making.   
4.3 PAPER C 
Title: Development of virtual reality support to factory layout planning 
 
This paper aims at developing a general guidance for employing point cloud based VR to 
support FLP decision-making. Through three industrial cases which incorporated point cloud 
data into modelling virtual factory for FLP, the general guidance is extracted and refined. 
4.3.1 Results of the paper 
Three case studies that adopted the point cloud based virtual factory modelling approach were 
conducted. They are all industrial cases where layout changes were needed in existing 
production sites either for improving productivity or adaption of new products. The cases vary 
in the areas of manufacturing and the scale of the layout change. Desktop VR was implemented 
in the first case and immersive VR system was chosen for the latter two cases as the technology 
has becoming ever mature with much lower price and improved performance. With the 110-
degree FOV and 90 frame per seconds (FPS) image rendering, it enables nature visualization 
that users feel as if they were present in the real environment and intuitive interactions within 
the virtual model. The cases and implemented functions are summarized in the Table 4 and 
Table 5 respectively. 
Table 4. Summary of three industrial cases. 
 Industry Scale of change VR types Features 
Case I Aerospace Workstation Desktop VR Visualization 
 
Case II Trucks Production cell Immersive VR Visualization, 
interaction 
Case III Snus, tobacco Packing line Immersive VR Visualization, 
Interaction 
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Table 5. Implemented functions of each case. 
Functions  Descriptions Case I Case II Case III 
Visualization Desktop screen/projector or HMD x x x 
Navigation Mouse & keyboard or trackable controllers x x x 
Pick & place  Collision detection, Controller button  x  
Save & Load 
layout 
Serialization of object position and rotation  x  
Feedback Collision detection and UI  x  
Accessibility  Collision detection, Controller button, Hands   x 
 
4.3.2 Contribution to research questions 
This paper contributes mostly to RQ2 on how VR can support FLP task. The working procedure 
for point cloud based VR approach proposed in Paper B was exemplified and refined with three 
industrial cases. It categorized different forms of data that can be used in the virtual factory 
modelling process as well as their characteristics and requirements. The merits and limitations 
of desktop and immersive VR systems are discussed in relation to how well they can support 
FLP. As the final step in answering RQ2, the extracted guidance provided a systematic 
methodology to employing the state-of-the-art VR technology in supporting FLP.   
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5 
RESULTS 
This chapter presents the answers to the two RQs of this thesis, two sub sections illustrate the 
answer to RQ1 and RQ2 respectively. 
5.1 ANALYSIS OF LITERATURE REVIEW  
How has virtual reality (VR) technology been used in production system development? 
Prior to answer this question, Chapter 2 discussed the working definition of VR and classified 
the different types of VR technologies. The related literature review about VR applications in 
production systems was conducted and it contributes to the answer of RQ1.  
The following section will summarize and analysis the reviewed articles to answer RQ1. 
Keyword combinations of VR and production systems were used to filter in the database of 
Scopus. At the end, 269 peer-reviewed journal articles from 1993 to 2017 were identified and 
included for the following analysis. The brief contents of the reviewed articles are listed in 
Appendix A. Figure 10 shows that research on VR applications in production systems is 
growing steadily. 
 
Figure 10. Overview of number of publications of VR in production system from 1993 to 2017. 
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Based on the classification of VR technologies, desktop VR which has the lowest 
requirements, accounts the most with 72% of the total reviewed articles as shown in Figure 11. 
The immersive VR technology is becoming ever mature over the years with lower cost and 
better performance, it is found in 15% of the selected articles which makes it the second largest 
VR system implemented. Semi-immersive and CAVE systems only accounts 3% and 10% 
respectively.  
 
 
Figure 11. Publications categorized with different types of VR technologies 
In terms of the different application areas in production systems, 11 areas were identified 
from the 269 articles and result is illustrated in Table 6. Among the 11 areas, VR technology 
has been adopted mostly in product development (29.01%), (dis)assembly (16.38%) and 
manufacturing process (10.58%). FLP is found only in 18 articles (6.14%). Those less 
represented areas likely hint that there is relatively little benefit given the available VR 
technologies at the time. It can also be interpreted as areas with more potentials for future 
research, especially, when the VR technologies is advancing rapidly in recent years. 
Table 6. Publications categorized with different application areas in production systems.  
Application Areas Numbers Percentage 
Product Development 85 29.01% 
Maintenance 9 3.07% 
Robotics 24 8.19% 
(Dis)Assembly 48 16.38% 
Digital human 14 4.78% 
Manufacturing Process 31 10.58% 
FLP 18 6.14% 
Virtual factory modelling 13 4.44% 
Training 18 6.14% 
Machining 22 7.51% 
Simulation 11 3.75% 
 
A correlation analysis between different VR systems and application areas is made to further 
understand previous research on VR applications in production systems as shown in Figure 12. 
It is obvious that most research effort has been dedicated to desktop VR for product 
development with 58 articles. Desktop VR for (dis)assembly comes as second with 31 articles.  
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Figure 12. Correlation between application areas and VR types. 
In Table 7, it shows the percentage of each VR system within a specific area. It is worth 
noting that all the articles concerning machining and digital human have adopted only desktop 
VR. Similarly, over 80% of VR systems for maintenance, robotics and manufacturing process 
are desktop VR. It is likely that the non-immersive VR system is sufficient enough in these 
areas. On the other hand, in the areas of FLP, (dis)assembly and virtual factory modelling there 
are the highest rate of employing immersive VR. It can be that the feeling of higher level of 
presence and immersion in the virtual environment provided in the immersive VR systems are 
more important to meet certain requirements that are unique in these areas. Nonetheless, even 
in the area of FLP, which has the highest rate (27.78%) of employing immersive VR systems, 
there are still great potentials to explore further to improve the existing practice through 
integration with the latest advancement of immersive VR systems. 
Table 7. Percentage of each VR system within an application area. 
Application areas Desktop Semi-immersive CAVE Immersive 
Product Development 61,70% 5,32% 14,89% 18,09% 
Maintenance 88,89% 0,00% 0,00% 11,11% 
Robotics 87,50% 0,00% 0,00% 12,50% 
(Dis)Assembly 64,58% 2,08% 6,25% 27,08% 
Digital human 100,00% 0,00% 0,00% 0,00% 
Manufacturing Process 83,87% 0,00% 3,23% 12,90% 
FLP 50,00% 5,56% 16,67% 27,78% 
Virtual factory modelling 61,54% 7,69% 7,69% 23,08% 
Training 66,67% 0,00% 14,29% 19,05% 
Machining 100,00% 0,00% 0,00% 0,00% 
Simulation 58,33% 0,00% 33,33% 8,33% 
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5.2 ANALYSIS OF RESULTS IN APPENDED PAPERS 
How virtual reality technology can be used to support factory layout planning (FLP)? 
5.2.1 Paper A 
A desktop VR system was developed to support the layout change in a truck plant. The system 
is made of point cloud data of the real factory environment and CAD models of planned new 
equipment. Stakeholders from industrial partner used mouse and keyboard to interact and assess 
different layout options. Follow-up interview was conducted to get feedback about the desktop 
VR support tool.  
Based on the analysis of the interview transcriptions, all stakeholders agreed that it would 
be helpful to their work when the point cloud based 3D visualization of the production site is 
accessible from their desktop computers. They also believe that it would help prevent potential 
errors or conflicts early in the design phase if all the stakeholders could have evaluated the plan 
through the desktop VR system before actual implementation. Compared to text description or 
two dimension data that are widely accepted in current work practice, the desktop VR system 
gives much more context to stakeholders to understand the situation and make the right 
decisions. The realistic virtual factory which is accessible from any connected desktop 
computers, for companies with globally distributed office or factories, it would improve the 
work efficiency and contribute towards the sustainable manufacturing goal. 
Nevertheless, each stakeholder also expressed their doubts and concerns: The layout and 
logistic engineers questioned how to keep the virtual factory model up to date. It is not 
uncommon that minor changes and movements would be made continuously in the factory and 
in the presented work process, it is difficult to reflect the latest changes of the plant. The lean 
production specialist pointed out the accuracy of the 3D visualization might be the problem and 
higher quality of 3D data is needed. This leads to further studies about finding better ways to 
present the virtual model, such as immersive VR. The virtual tool specialist would like the 
collaborative tool to include features, such as evaluation task allocation and even augment 
reality for operator task design and balance. In short, all the stakeholders think it is promising 
to have a 3D collaborative tool as an aid to current FLP practice.  
The following challenges were identified and need to be met before it could be used as a day 
to day basis tool in the actual work. First, how to better present the virtual factory to the users, 
so that user can have the seamless experience of performing the same assessment virtually. 
Another challenge is the post-processing of point cloud data in terms of keeping virtual factory 
up-to-date and streamline the data integration process.  
5.2.2 Paper B 
An immersive VR system was implemented on a selected industrial case from an automotive 
partner, which was going through a major change in one of its plants. The system consists of 
point cloud data of the real factory environment and CAD models of planned new equipment. 
It supports immersive visualization rendered in HMD and interactions through trackable 
controllers. Stakeholders are free to navigate around and perform layout assessment tasks in the 
immersive virtual factory. Questionnaire with scale ratings and open-ended questions was 
conducted to gather feedback for later analysis. 
The questionnaire asked the respondents to rate different aspects of the immersive VR 
system and the value of the proposed system to different stakeholders across the organization. 
Figure 13 illustrates the rating scores from the respondents. It is clear that the majority of the 
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stakeholders were positive with the potential benefits of this VR approach and would like to 
share or recommend the system for a wide usage. Due to the fact that the tool is in prototype 
phase of the concept, so that the user experience related ratings were not as good as the potential 
benefits.  
 
Figure 13. Test subjects’ rating feedback on the VR tool. 
When asked about in what areas within the manufacturing system that they saw uses for the 
collaborative VR tool. “In which areas of manufacturing do you think this system can be 
beneficial for the improvement of current work practice?” The listed categories are based on 
the work of Nee et al. [26]. The most promising application areas were chosen as layout 
planning, training and education, and simulation. Figure 14 lists the results from the 
questionnaire. The result also provides certain hints are the future research focus. 
 
 
Figure 14. Result of promising application areas. 
Open-ended questions were analyzed and some reoccurring themes were identified. With 
the positive benefits such as easy to use, visually representative of the real factory, accurate and 
near-life like experience. At the same time, some obstacles were detected as one test subject 
experienced dizziness while using the HMD, another one had problem of disorientation in the 
virtual environment. Additionally, two test subjects believed that the tool as such is different 
from what they used to, thus it takes time to learn and get familiar with.  
Towards the end of the open-ended questions, the stakeholders were asked: “What 
challenges do you anticipate if your company is going to implement this VR systems?” The 
answers given can be categorized into three different challenges: data compatibility, 
organizational attitudes, and cost. Data of the various aspects of the production system resides 
in many internal systems and in different formats. Accessing all of them seamlessly is not an 
easy task. 
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5.2.3 Paper C 
Statistical analysis 
As part of the evaluation in case 2 and case 3, four statements were ranked using scale analysis, 
using a four-level Likert scale (strongly disagree, disagree, agree, and strongly agree), 
illustrated in table xx. A total of 49 persons were participating in the workshops. It is worth 
noting that there are 9 participants who did not fill in the questionnaire due to their time limit 
or other reasons. As a result, some critiques might be hidden behind the scene. For the 
correlation statistics 32 answers were valid. The reliability statistics (Cronbach alpha) was 
0,875 (N=4) for this study. 
The mean value was high for all statements, illustrated in Table 8, which indicates that this 
technology is seen as a mature technology that is easy to use. Hence, the attendees had hard 
time to see where it could be useful in their daily work. The majority of the test subjects in case 
I were positive with the potential benefits of this VR approach and would like to share or 
recommend the system for a wide usage. Due to the fact that the tool is in prototype phase of 
the concept, user experience related ratings were not as good as the potential benefits. 
Table 8. Descriptive statistics of the survey results 
Statements Mean Std. Deviation N 
Easy to use 3,45 ,597 40 
Clear benefit 3,55 ,552 40 
Useful to my job 3,16 ,628 32 
Recommend to others 3,58 ,502 33 
 
The correlation between the statements shows the same pattern as the mean value, illustrated 
in Table 9. The strongest and significant correlation is between easy to use and recommend 
(0,939), which means that the attendees thought that is was easy to use and understand the tools, 
but also that they would recommend the tools to others. Positive benefits was also the visually 
representative of the real factory, accurate and “near” life like experience. They could also see 
a clear benefit with the tools and the easiness of using the tool (0,863). There were moderate or 
weak correlation between ‘useful to my job’ and the other statements. This could depend on 
lack of business models, and maturity within the organizations on using these tools in the daily 
job. We believe that this will increase over the next few years due to the fast development and 
improvement of technology, but also increase of use within companies. 
Table 9. Correlations between the different statements. 
 easy to use clear benefit useful to my job recommend 
easy to use Pearson Correlation 1 ,863** ,509** ,939** 
Sig. (2-tailed)  ,000 ,003 ,000 
clear benefit Pearson Correlation ,863** 1 ,496** ,768** 
Sig. (2-tailed) ,000  ,004 ,000 
Pearson Correlation ,509** ,496**  1  ,518** 
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useful to my 
job 
Sig. (2-tailed) ,003 ,004 
 
,002 
recommend Pearson Correlation ,939** ,768** ,518** 1 
Sig. (2-tailed) ,000 ,000 ,002  
** Correlation is significant at the 0.01 level (2-tailed). 
  
Guidelines for employing VR to support FLP 
 
With the three cases described above, the hybrid approach that combines point cloud data with 
3D CAD models to build virtual factory for layout planning were demonstrated and tested. The 
results showed that it is a promising path towards efficient and effective decision-support in 
(re)designing factory layout with the following advantages: 
 Fast modelling process of the virtual factory; 
 Realistic virtual representation and interaction that facilitate qualitative feedback; 
 Easy modification of layout design, 
 Collaborative environment that could involve all stakeholders. 
To streamline the point cloud based virtual factory modelling approach for future 
implementation to FLP tasks, a general guidance is extracted and shown in Figure 15. Detailed 
description of each step in the guidance can be found in appended Paper C. 
 
Figure 15. Guidance for employing VR in FLP. 
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6 
DISCUSSION 
This chapter discusses the research questions in a broader context in terms of results and 
methodology. In addition, the scientific and industrial contributions of this thesis and future 
research are presented. 
The research in this thesis has followed the aim of improving current factory layout planning 
practice through the development of a systematic guidance process that incorporates VR 
technology. One literature study and three iterative empirical studies have been conducted to 
move towards the research aim.  
6.1 DISCUSSION OF THE RESULTS 
RQ1: How has virtual reality technology been employed in production systems? 
This question is addressed through a comprehensive literature review of 268 journal articles 
that implemented VR technology in the production systems. The main findings came out of the 
study have been described in Chapter 5.1. It defined what virtual reality (VR) for this thesis is 
and classified different VR systems as three major groups in terms of the level of presence and 
immersion. At the same time, eleven application areas of productions were identified from the 
literature. The VR classification and application areas were used to categorize the previous VR 
attempts and it has provided an overall picture of how VR technology has been adopted in 
production systems. By digging down into the distribution of studies with specific VR 
technology and application area, it showed an unbalance research effort with desktop VR and 
product design area have been given the most attention. There is a lack of research in the area 
of employing VR for factory layout planning (FLP), even though advantages were reported in 
the limited studies that have implemented VR systems for FLP support. It is mostly due to the 
complex process of modelling realistic virtual models for the task and the high cost of VR 
systems at the time. However, it is worth noting that within the studies that using VR for FLP 
support, there is higher percentage of immersive VR systems implemented for FLP than desktop 
and semi-immersive VR systems combined. This hinted that FLP may benefit most from 
immersive VR systems as it usually involved working with large scale virtual models, and the 
immersive VR systems is better at generating transferable experience between virtual and real 
world compared with the other types of VR systems.   
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The literature study confirmed the idea of adopting VR technology into production systems 
is beneficial. It also showed that certain areas including but not limited to factory layout 
planning need more research effort. However, conference articles are not considered in this 
literature study. Given the fact that VR technology is gaining increasing attention in research 
and practice in recent years, there are also large number of conference papers covering this 
topic, so the results might not reflect exactly about the trend. But this is a rational choice 
considering the time limit and data source quality. The results presented such as VR systems 
classification, applications area in production systems, advantages and limitations of VR 
technologies are still considered valid.  
   
RQ2: How can virtual reality (VR) technology be systematically used to support decision-
making during factory layout planning (FLP)? 
To answer this question, three iterative empirical studies have been conducted to develop a 
working procedure to support FLP with VR technology. As the main challenges identified from 
previous studies are twofold, which are the modelling of virtual factory and the involvement of 
different stakeholders. The empirical studies focused on developing a systematic procedure that 
can improve the virtual factory modelling in terms of reduced time and cost while keeping the 
model realistic. Therefore, Study 1 proposed and implemented a hybrid approach for virtual 
factory modelling that combines point cloud data obtained from 3D laser scanner and existing 
3D CAD models of equipment. A desktop VR system was used to present and interact with the 
model for the FLP tasks. Study 2 and Study 3 took the same hybrid approach for modelling and 
refined it with improvements in data processing and integration. These two studies also 
addressed the challenge of stakeholder involvement by using VR devices as the medium for 
presenting and interacting with the virtual model. The close to real life experience comes along 
the VR technology is believed to enable more stakeholders actively contribute to the designing 
of new factory layout.   
Among the various approaches of supporting FLP activities, most falls into the category of 
developing computer models to plan and evaluate the planned changes. What differs are how 
the virtual models are created. There are mainly two directions have been identified, which are 
either creating the computer model completely virtually using CAD software, or transforming 
existing facilities into virtual objects through devices such as camera or scanners. 2D/3D CAD 
software are widely used to model the factory layout, but it is reported that these models are 
difficult to achieve accurate representation of reality (Stoli and Rex, 2014) and human cognition 
is poor to comprehend (Iqbal and Hashmi, 2001). On the other hand, transforming physical 
facilities into virtual models using camera or 3D laser scanners are getting more attention in 
research and practice as the technology matures over time. Compare to the 3D laser scanner 
used in this research, photogrammetry has the advantage of lower cost for the hardware as 
normal camera is enough. However, the software cost is still high and more importantly, model 
accuracy is lower than 3D laser scanning. Therefore, 3D laser scanning was found most suitable 
in this research (Shellshear et al., 2015). 
The importance of involving all the stakeholders in the FLP process have been emphasized 
in previous studies (Dahl et al., 2001) and the visualization of the virtual model is the central 
part of the layout design activities (Pehlivanis et al., 2004). The immersive virtual reality 
devices used in this research have provided an intuitive and close to reality interface for 
stakeholders from different background to easily contribute during the process. This will 
enhance the understanding of alternative layouts at the beginning of FLP task and in turn reduce 
the gap between the optimal layout and the actual one (Schenk et al., 2005).  
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Besides the advantages described above for the selected path in this research, there are also 
some challenges identified along the process. For examples, data compatibility is one area that 
needs further effort and studies to smooth the process of developing virtual models; user 
interaction design for VR interface also worth more attention in research as the mediums for 
users to interact with VR systems are different from the conventional mouse/keyboard style. 
It is also worth noting that factory layout planning in this thesis is for existing factories. FLP 
can be for building completely new factories on empty plots or redesigning existing ones. The 
empirical cases used in this thesis are all concerned with upgrading existing factories to adapt 
to changing requirements. This actually matches with the reality where it is more often to have 
the continuous improvement process for existing facilities than creating something completely 
new from scratch. Thus, the results in this thesis is not suitable for FLP that intends to build 
completed new factories.  
6.2 DISCUSSION OF METHODOLOGY 
The author’s pragmatic philosophical worldview led to the use of multiphase mixed methods 
as described in Chapter 3.2, and it also helped the author to see the production systems not as 
an absolute reality. It enables the author to use different research methods to answer the research 
questions. The impact of the pragmatic worldview to the outcome and quality of this thesis is 
discussed below. 
Creswell and Cark (2007) pointed out that pragmatic researchers hold truth as what works 
at the time and some even argue that metaphysical concepts such as truth should be abandoned. 
This viewpoint focuses mostly on the usefulness of the research rather than the rigor of research, 
which is achieved through internal validity, external validity, reliability, and objectivity (Guba, 
1981). Therefore, it is important for pragmatic researchers to balance the usefulness and rigor 
of the research. The consequence of imbalance is that scientific findings are accepted as 
adequate and relevance without explaining why it works.  
The multiphase mixed methods used in this thesis, has the advantage of directing the research 
to answer the RQs with both qualitative and quantitative data collected (Eisenhardt, 1989). 
Research design relying solely on qualitative or quantitative approach would have conflicted 
with the author’s pragmatic worldview and led towards either subjective or objective view. 
Therefore, the research approach taken in this thesis included design, data collection, 
implementation, and data analysis (Flynn et al., 1990). Any changes in this process could have 
altered the outcome of the thesis. However, to keep the balance between the usefulness and 
rigor of the research, validity and reliability were also taken into the considerations when 
designing and conducting the research. The methods used were validated according to 
construct, internal, external and contextual validity (Yin, 2009). For examples, multiple cases 
with different companies and participants were used in the empirical studies, which increased 
the external validity; both qualitative and quantitative data were collected to validate the result, 
so the internal validity is ensured. The data was captured and stored in a structured way, which 
increased the reliability of the empirical data (Williamson, 2002, Yin, 2009). 
 
6.3 ACADEMIC AND INDUSTRIAL CONTRIBUTION 
This thesis contributes to both the academic and industrial communities. For the academic 
community, the results in relation to RQ1 summarized the benefits and limitations of using VR 
technology in production systems. It also categorized the previous studies in terms of the types 
of VR technologies and the application areas in production. An overall picture of current status 
for the industrial adaptation of VR technology is given. Additionally, by analyzing the study 
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trend, it proved that the direction of integrating VR technology into production is worth further 
research effort. At the same time, the deviation of research effort spent on different application 
areas in production provided hints for future research direction. Regarding the results for RQ2, 
it contribute to the academia with a new approach of supporting FLP tasks. The systematic 
guidance developed and validated in this research provided a novel approach of redesigning 
factory layout. It takes the advantage of 3D laser scanning for rapid and realistic modelling as 
well as the intuitive character of VR technology to visualize and interact with the virtual model, 
so that stakeholders from different background can be involved and actively contribute to the 
complex process of redesigning factory layout.  
The industrial contribution include the clarification of the VR technology, where in 
production system domain, the VR technology can be used, what benefit and obstacles are 
expected as well as detailed guidance on how to use VR technology to improve the current 
practice of redesigning factory layout. For the industrial audience, the characteristics of VR 
technology used in production can act as direct input for decisions such as whether or not to 
start integrating VR and which area suited the most to integrate. The systematic guidance of 
using VR for FLP provide a step-by-step instructions which can assist industrial organizations 
to implement and benefit from the latest advancement of VR technology.  
 
 
6.4 FUTURE RESEARCH 
The results of this research have provided directions of future research; the potential ideas 
are presented in this section.  
Firstly, it would be necessary to further validate and improve the systematic guidance of 
using VR technology for FLP with more cases and larger user base. Validation and further 
improvement will enable the achievement of effective VR support for planning factory layout.  
Another direction is to further explore the computer-mediated reality (or so called XReality 
technology) related applications in different application area of production. The next generation 
computing platforms represented by the augmented, mixed and virtual reality (AR/MR/VR) 
technologies have already started to play an increasing role in our daily lives. It will also bring 
drastical changes to future manufacturing. More research effort in this field are needed to be 
better prepared for the coming transformation.  
Last but not least is the interaction designs studies for developing AR/MR/VR applications 
used in production. The result from this research has already shown that VR system has a 
relatively high learning curve for novel users. Unlike the interaction mediums that people are 
already familiar with, such as mouse, keyboard and touch screen, the AR/MR/VR technologies 
have brought completely new ways for human computer interaction, which can be 3D trackable 
controller, gesture, voice command, etc. Theories and methods that enables effective user 
interactions are pivotal for the ongoing 4th industry revolution. Therefore, further research in 
this area is also of great importance to the future manufacturing industry. 
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7 
CONCLUSION 
This chapter conclude the thesis by providing the answer to the two research questions. 
VR technology with its unique strength is considered a good supporting tool for companies 
to adapt to the changing requirements. With the aim of this thesis being to improve current 
factory layout planning (FLP) practice through the development of a systematic guidance that 
incorporates VR technology into the process, a set of studies have been conducted to investigate 
ways of smooth VR technology adoption into this production context.   
In conclusion, answers to the two research questions are provided as follows: 
 
RQ1: How has virtual reality (VR) technology been used in production system development? 
 
VR technology is gaining increasing attention in production research as the technology itself 
matures over time. There have been various attempts of employing VR into almost all 
application areas of production. However, there is an imbalance of effort in different areas, 
especially, areas such as VR training and FLP need more research effort.  
   
RQ2: How can virtual reality (VR) technology be systematically used to support decision-
making during factory layout planning (FLP)? 
 
Base on the results of RQ1, the study moved forward with three iterative empirical studies 
explained in previous chapters. Incremental knowledge building was achieved through the 
implementations and evaluations in each study, which at the end resulted with a guidance for 
integrating VR into FLP. It proposed a working procedures that incorporates point cloud data 
obtained through 3D laser scanners into the modelling process of virtual factories. The studies 
have shown the proposed guidance has certain advantages in supporting FLP decision-making 
in terms of virtual factory modelling time reduction, increased involvement of various affected 
stakeholders in the planning process, as well as potential design errors reduction and higher 
operator acceptance.     
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